The Caterpillar approach to applying thick thermal barrier coatings (TTBC) to diesel engine combustion chambers has been to use advanced modeling techniques to predict engine conditions and combine this information with fundamental property evaluation of TTBC systems to predict engine performance and TTBC stress states. Engine testing has been used to verify the predicted performance of the TTBC systems and to provide information on failure mechanisms.
Introduction
PREVIOUS REVIEWS of thermal barrier coating technology concluded that the current level of understanding of coating system behavior is inadequate, and the lack of fundamental understanding may impede the application of TTBCs to diesel engines (Ref 1).
Fifteen thick thermal barrier coating (TTBC) ceramic powders were evaluated. These powders were selected to investigate the effects of different chemistries, different manufacturing methods, lot-to-lot variations, different suppliers, and varying impurity levels (Table 1 [Ref 2] ). Results of powder characterization for chemistry, particle size distribution, surface area, crystallographic phases, apparent density, and Hall flow are given in Tables 2 to 6 . The chemical analysis found that the three spray-dried and sintered materials used in the impurity study (lots G, N, and O) range from low levels of alumina and silica (N), low alumina and mid-level silica (G), to high alumina and silica (O) ( Table 2 ). The chemistries of the powders produced by different manufacturing methods (HOSP proprietary Metco process, spray-dried, spray-dried and sintered, fused and crushed, and solgel materials) also show slightly different ranges of impurities reflecting the different manufacturing methods.
Particle size distributions, as measured by the laser light scattering method of the 15 materials, showed small variations in the mean and size ranges ( Table 3 ). The surface areas of the powders show a wide range, even for similarly manufactured powders (lots G, N, and O and lots A, L, and M [ Table 4 ]). The crystallographic phases were as expected for the powder processing methods investigated (Table 5 ). The Hall flow and apparent density of the materials did not have significant meaning to the re-M.B. Beardsley, Caterpillar Inc., Peoria, IL 61656-1875, USA. sults, particularly the Hall flow, which indicated flow problems with several powders that did not occur in use (Table 6 ).
Spray Processing and Thermal Conductivity
Fifteen materials were sprayed using 36 parameters selected by a design of experiments to determine the effects of primary gas (argon and N2), primary gas flow rate, voltage, arc current, powder feed rate, carrier gas flow rate, and spraying distance. Specimens are identified in Table 2 . Specimens are identified in Table 2 .
The deposition efficiency, density, and thermal conductivity of the resulting coatings were measured. A coating with high deposition efficiency and low thermal conductivity is desired from an economic standpoint. A general trend for all 15 materials was increasing thermal conductivity with higher deposition efficiency as shown in Fig. 1 . Thermal conductivity was measured by the flash diffusivity method and then calculated from the density (measured by mercury intrusion porosimeter), and the specific heat of the material. An optimum combination of thermal conductivity and deposition efficiency was found for each powder lot in follow-up experiments, and deposition parameters were chosen for full characterization.
Resulting thermal conductivity and deposition efficiency for each of the powders sprayed with optimized parameters were determined and are compared to the baseline coating (lot A, 8% yttria-zirconia, HOSP) in Fig. 2 . Several of the powders exhibit lower thermal conductivity than the baseline coating with the 20% yttria-zirconia (lot B) and spray dried 8% yttria-zirconia (lot F) showing both lower thermal conductivity and higher deposition efficiency. The higher thermal conductivity of materials such as the calcium titanate (lot B) may be balanced by higher deposition efficiency to achieve coatings with equivalent thermal conductance and cost. A component design question is whether higher deposition efficiency balances higher thermal
